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1.1 Background 
Chapter 1 
Introduction 
Multigirder steel bridges are one of the most common type of steel 
highway bridges today. In these bridges, diaphragm members between girders 
are used to assist in erection and to distribute loads laterally. Usually these 
diaphragm members are connected to the steel girders through vertical 
connection plates. The connection plates are welded to the web, sometimes 
welded to the compression flange, and often cut-short of the tension flange. 
There are two reasons for cutting-short the connection plate at the tension 
flange. One is to facilitate fabrication, since. this way the precise measurement of 
conne~tion plate height 1s not necessary. The second is to avoid transverse 
welds on tension flanges which could reduce the fatigue strength of the girders. 
The first reported fatigue cracking at the end of the transverse connection 
plate was discovered in early 70's in several highway bridges that were under 
construction [7]. These cracks were caused by shipping and handling the steel 
girders prior to service loads. Out of this experience developed the requirements 
that cut short stiffeners and connection plates should have a web gap of 4 to 6 
tw [1, 4]. Cracking was discovered about the same time in simple span railroad 
bridges [11]. These cracks were observed in skewed bridges at intermediate 
diaphragm connection plates that were cut short of the tension flange. Cracks 
were found at the bottom of diaphragm connection plates on skewed structures 
and at cross frames of right bridge structures. Since then numerous similar 
cracks have been found in highway and other railway bridges [7]. These cracks 
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have developed because of the relative lateral or out-of-plane displacement of the 
girders caused by the diaphragm member geometry and forces. 
Similar cracks have been found in other types of structures and details and 
these are reviewed in some detail in Refs. [4] and [7]. 
Despite the large number of cracks found at the end of diaphragm 
connection plates, relatively little analytical and experimental study has been 
conducted to examine their causes and effects. In the only published laboratory 
test program concermng the out-of-plane displacement induced fatigue 
cracking [5], the girders were laid horizontally on two pedestals and the web at 
each of the gaps at the end of cut short stiffeners was caused to crack by 
applying out-of-plane cyclic loads. Upon cracking, circular holes were drilled 
through the web at the crack tips and then the girders were placed upright and 
subjected to cyclic in-plane flexural loading. These tests simulated one 
retrofitting method for fatigue cracks which occurred due to handling or 
shipping and existed at the ends of transverse stiffeners to which no diaphragm 
member was connected or the diaphragms were removed after cracks developed 
in the girder webs. Since no further out-of-plane displacement was imposed 
after holes were drilled, the tests did not simulate the retrofitted condition of 
diaphragm connection plates under traffic load with the diaphragm left in place. 
Tests are currently being carried out on NCHRP Project 12-15(5). These 
tests are under random variable loading. The out-of-plane displacement was 
continued after cracks developed and retrofit holes were installed. Cracks 
reinitiated from the holes because the out-of-plane distortion was large and it 
was necessary to remove the diaphragm in order to arrest the cracks. Tests are 
planned under NCHRP Project 12-28(6). These tests will simulate the out-of-
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.. plane distortion at transverse connection ·plates and at ··lateral connection plates. 
These tests will commence m 1986. 
An analytical study of a simple span four-girder highway bridge was 
reported by T. A. Fisher [6]. In this investigation a "typical" bridge from US 
Steel Highway Structures Design Handbook was used [12], and the HS20-44 
loading was applied. The diaphragm connection plate gap region at the positive 
moment region of a girder was analyzed by finite element modeling. A 
parametric study encompassing the variation of the girder dimensions and the 
diaphragm member connection details was conducted. Since the bridge was not 
an actual structure, no verification of the analytical results through field 
measurement could be made. 
An analytical study and field measurements of a simple span multigirder 
mass transit bridge was presented by Mertz [9). Finite element modeling was 
conducted using a "zooming method". The structure was first modeled by a 
coarse mesh of finite elements and then the area of interest was further 
discretized into a finer mesh. Through this multi-level modeling the stresses at 
local area could be calculated. It was shown that this technique gives 
satisfactory results when compared with the data from field measurements. In 
the case reported, the dynamic response, which magnified the static web gap 
stresses, had an adverse effect at the gap region. The experimental results 
demonstrated that a high frequency vibration developed in the web gap so that 
large numbers of significant stress cycles occurred during passage of a train. As 
a result the accumulated cycles were 25 to 30 times greater than expected from 
the live load conditions. 
A survey of web gap cracking m some 50 highway bridges m Iowa was 
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reported by Brakke [3]. The observations that were- drawn from these cases of 
crackings include: 
1. The cracks occur at the upper end of diaphragm connection plates 
whether they are tight fit or cut-short of the top flange (which is 
rigidly held by the deck slab). Most cracks are horizontal and are 
located at the toe of the web to top flange fillet welds. Vertical or 
diagonal cracks can occur at the ends of the vertical fillet welds 
attaching the connection plate to the girder web. 
2. The cracks can occur at the bottom of the connection plate which JS 
cut short from the bottom flange when the bridge is skewed. 
3. These cracks can develop in both exterior and interior girders. 
4. Web cracks can occur at connection plates for both rolled section 
type and truss type diaphragms. Some indications suggest that the 
potential for web cracks at "vee" type truss diaphragms is 
considerably less than at "cross" type truss or rolled section 
diaphragms. 
5. The potential for these cracks is greatest on skewed bridges, although 
they have been found in the negative moment regions -of non-skewed 
bridg"es. 
6. The mm1mum time for the cracks to develop in bridges carrying less 
than 3,000 trucks per day is about 10 years and in most cases 
considerably longer. 
Cracks were also discovered m two continuous bridge spans on 1-79 near 
Charleston, West Virginia [8]. None of the diaphragm connection plates were 
welded to either flange at a cross-section. The connection plates were fitted to 
the top flange throughout. Measurements of the web gap stresses were acquired 
at several of the web gaps adjacent to the top flange. The diaphragms were 
angle X-braces. Stress ranges between 10 to 20 ksi were projected at the weld 
toes. 
Most multiple girder structures that have experienced cracking at 
diaphragms have been retrofitted by drilling holes at the tips of all cracks m 
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the- web gap region,-- The long-term- effectiveness of drilled holes at. diaphragm 
connedion plates is in need of further study. 
1.2 Objectives 
In view of the limited knowledge conccrmng the displacement induced 
cracking in multigirder steel highway bridges, field measurements and analytical 
studies were conducted on two bridges of this type. The objectives were the 
following. 
I. To acquire stress measurements from two multigirder steel highway 
bridges which had the potential to develop out-of-plane displacement 
induced fatigue cracks. 
2. To evaluate by the finite element method the stress distribution in 
the small gap region at the ends of the diaphragm connection plates. 
3. To explore retrofitting schemes and to assess their effectiveness. 
Three schemes were examined: cutting short the diaphragm 
connection plate to form a bigger gap, direct attachment of the 
connection plate to the flange and drilling holes in- the web at the 
crack tips. 
The results are reported m the following chapters. 
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, Chapter 2 
Field Studies 
2.1 Beaver Creek Bridge 
2.1.1 Brief Description of Bridge 
This multigirder bridge, is one of a twin structure, carrymg eastbound 
traffic on 1-80, in Clarion County, Pennsylvania. The 392-foot long bridge has 
I I I I • 
four spans of 78 , 118 , 118 · and 78 respectively. Figure 1 and 2 are the 
sketches of its plan and elevation. Figure 3 is a photograph of the bridge. 
The deck system is supported by five continuous girders which were welded in 
shop and then field spliced by bolting at the points of dead load contraflexure. 
The -diaphragms are X-type, and consist of angle members, spaced 19 ft to 24 ft 
apart, an<;! arranged as shown m Fig. 4. Between these diaphragms, 
intermediate stiffeners are welded to both sides of the girder webs. All of the 
intermediate stiffeners and diaphragm connection plates are cut 1 in. short 
from the tension flanges (Fig. 5). These transverse plates are fitted to the 
compression flange (Fig. 6). A typical cross-section with at diaphragms is 
shown in Fig. 7. 
The flanges of the girders consist of 14-inch wide plates with thickness 
between 5/8 inch at abutments and 2-1/8 inches at the center piers. The web 
has a constant depth of 58 inches and thickness of 3/8 inch. The bearing at 
the center pier (pier 5) is fixed against longitudinal and lateral movement, while 
those at all other piers and at the abutments are allowed to expand 
longitudinally. 
The steel IS ASTM A36 grade. The girder top flanges are embedded m the 
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concrete deck. No shear studs were used t.o connect. the concrete slab t.o the 
steel beams. 
The design stress range at bottom flanges at diaphragm 05 where most of 
strain gages were mounted for the field study is 8.6 ksi. The maximum design 
live load stress at this location is 5.4 ksi. 
2.1.2 Results of Field Examination 
The field examination resulted in the discovery of cracks in spans A and 
B. Visual inspection was made with the aid of magnifying glasses. No other 
mechanical or electrical device was used to verify the existence of the cracks. 
The cracks found were by and large similar and could be arbitrarily 
grouped into four categories. They are shown schematically in Figs. 8 and 9. 
Following is a description of these crack conditions. 
A --Horizontal cracks along the web weld toe between the tension flange 
and web. 
B --Horizontal or inclined cracks at the end of the web weid toe at the 
cut short connection plate. 
C --Vertical cracks between the connection plate weld and web. These 
cracks tend to peel the connection plate away from the web surface. 
D --Cracks at the end of the weld toe of the tight fitted connection plate. 
All of the cracks were small and appeared to have a very shallow depth. 
Fig. 10 is a photograph showing two of these cracks; one at the end of stiffener 
weld and one at the web flange weld. 
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2.1.3 Instrumentation 
A total of 36 electrical resistance strain gages were rnount.ed at diaphragms 
03, 04, D5 and 06. The locations of these gages are shown in Figs. 11 to 
Fig. 15. There were eight linear gages with 1/4 inch gage length, three 1/16 
inch gages and two strip gages. The strip gage consists 10 small linear gages 
lined up by 0.08 inch intervals. Depending on the size of the connection plate 
gap and because of the limited capacity of the strain recorders, not all 10 gages 
are used. The locations and the types of the gages used are summaried in 
Table 1. 
The gages were placed for two reasons: to measure the pnmary bending 
stresses in the girders and to examine the stresses in the diaphragm members 
and in the connection plate web gaps. The strip gages were mounted 
perpendicular to the girder main axis, and aligned with the direction of web 
plate bending. Figure 16 shows a typical location where a strip gage and a 
linear gage are both attached to a girder web. 
The strain gages were connected to ultraviolet analog trace recorders (of 
Federal Highway Administration). The strain variations at gages due to 
vehicles on the bridge were recorded with respect to time on light sentive 
recording paper. 
2.1.4 Loads 
Strain measurements were made when the bridge was subjected to a "test 
truck" load as well as to loads from random truck traffic. The test truck was a 
semi-trailer type (a 3S-2 "low boy") with known axle weights. The axle 
weights, from front to rear, were 9.55k, 18.5k, 18.2k, 24.55k, and 23.8k 
respectively. The total weight of the test truck was 94.6k. A photograph of 
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the truck during a test, run is shown in Fig. 17. 
Four groups of t,est truck runs were made: two with the truck in the 
driving (curb) lane, and two in the passmg lane; each set of measurements 
consisted of one slow run (about 10 - 15 mph) and one fast run (about 55 - 60 
mph). 
The weight of the random truck traffic was not determined. 
2.1.5 Results and Discussion 
Typical strain responses at the top web gap of the connection plate and in 
bottom flanges at diaphragm 05 are shown in Fig. 18 for two fast runs of the 
test truck. Essentially they are the influence lines with superimposed dynamic 
effect. 
A summary of the maximum measured stresses IS given m Tables 2 to 4. 
The measured stress range and maximum live load stress for primary bending 
members at diaphragm 05 is tabulated in Table 2. 
Figure 19 shows the bending stress"es in bottom flanges of t·he girders at 
diaphragm 05, for different positions of the test truck on the bridge. The 
bending stress gradient over the depth of girder G4 at diaphragm 05 is given 
in Fig. 20 for two loading conditions. No unusual stress distribution was 
observed. The maximum bending stress occurred in girder G4 when the test 
truck was m the driving lane directly over the girder. From exammmg the 
strain-time records, it was confirmed that this maximum bending stress occurs 
when the rear axle group was directly over the diaphragm. 
The vertical stress gradient on the web gap surface of the top gaps at 
diaphragm 05 on girders G4 and G5 are shown in Figs. 21 and 22 respectively. 
The web gap stresses at girder G5, the exterior girder, were slightly greater 
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than those. observed in girder G4. For girder G5, the gap stresses were higher 
when the test truck was in the driving lane, whereas for girder C4, higher 
stresses occurred when the test truck was in the passing lane. The maximum 
stresses at the flange-to-web weld toe were estimated by extrapolating the 
measured strain data. This indicated that 16 ksi occurred in girder C5 and 12 
ksi in girder G4. 
The magnitude of the measured bending and web gap stresses at a positive 
moment region location {diaphragm 06) are shown in Figs. 2:J t.o 24. Although 
the girder primary bending stresses were higher than those measured in the 
negative moment region, the vertical web gap stresses at the diaphragm 
connection plate web gap were relatively small. 
Figure 25 shows the stress gradient in the web at the top gap in girder 
C5 at diaphragm 03 which is the negative moment region of span A. When the 
rear axle group reaches diaphragm 03 in span A, the front axle group has 
already passed over Pier 4. Hence the stress gradient in the web gap IS 
considerable smaller than observed in Figs. 21 and. 22 for diaphragm 05. 
The magnitude of the stress for fast runs of test truck was only slightly 
higher than those observed for slow runs of the test truck. 
dynamic effect was not significant. 
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Therefore, the 
2. 2 Mill Creek Bridge 
2.2.1 Description of the Structures 
The Mill Creek Bridges are dual 4-span continuous welded plate girder 
bridges on 1-81 in Schuylkill County, Pennsylvania. The bridges carry the south 
and northbound traffic on separate roadways over Conrail(P .R.R.) Tracks and 
Mill Creek. ' ' ' ' ' The south and northbound bridges are 413 (91 - 124 - 124 - 74) 
and 509'.(118'- 136.5 1 - 136.5'- 118') In length respectively. Figure 26 is a 
photograph showing the southbound bridge. 
The deck system of each bridge is supported by five girders which are 
connected by transverse diaphragm members. The plan view and diaphragm 
configuration is shown in Fig. 27. The piers of the bridges are skewed 15 
degrees .. Three types of diaphragms were used in the bridges as shown in Figs. 
28 and 29. Type ·A diaphragms were only used at the abutments of 
northbound bridge. The diaphragm connection plates and intermediate stiffeners 
were all welded to the compression flanges and fitted to the tension flanges. 
The connection plates and stiffeners are provided on both sides of the web at 
interior girders, but only on the inside web surfaces of the exterior (fascia) 
girders. 
The girder webs were 7/16 in. thick plates for both bridges and the girder 
depth is 60 in. and 66 in. for south and northbound bridges, respectively. 
The structural steel was all ASTM A36 material. The girder top flanges 
arc embedded in the concrete deck although galvanized steel bridge form decking 
is attached to the flanges. No shear studs are used. The thickness of concrete 
deck is 8 inches. 
The girders were newly painted and no evidence of cracks was detected. 
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None of the fitted stiffener ends indicated that movement was occurring between 
the connection plate and the tension flange. 
2.2.2 Instrurnentation,Test Loads and Recording of Strains 
A total of 46 strain gages were installed on the north and southbound 
bridges. The locations of strain gages are shown in Figs .. 30 to 33. All of the 
gages were in the first span next to the west abutments. The type of gages 
and the recording system was identical to those used for the Beaver Creek 
Bridge described in Section 2.1.3. 
The axle loads of test truck were: 9.95 k, 15.65 k, 15.55 k, 17.20 k and 
14.5 k respectively (from front to rear). 
Strain measurements were made during the test truck runs and when a 
number of random trucks passed over the southbound bridge. Traffic was 
controlled when the test truck was on the southbound bridge. Only 
measurements under random truck traffic were made on the northbound bridge. 
2.2.3 Results and Discussions 
Summaries of the maximum measured stresses are given m Tables 6 to 8 
for the Mill Creek Bridge. The measured stress range for primary bending at 
diaphragm 02 at southbound bridge is tabulated in Table 7. The magnitudes 
of all measured stresses were low. The highest value recorded during passage of 
the test truck was 2.6 ksi at the gap of a diaphragm connection plate.(see 
Table 6) 
The bottom flange stresses of the five girders in the southbound bridge 
during passage of the test truck are plotted m Fig. 34. The distribution of live 
load stresses among the girders is similar to those shown in Fig. 19 for the 
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Beaver Creek Bridge.· · The distribut,ion of the bending sLresses in the web of 
girders G2 and G4 are plot~.ed in Fig. 35. A slight deviation was observed from 
a linear distribution in bot,h girders but the magnitudes of stresses were low. 
Gages 18 and 21 were placed back-to-back on the web at mid-height of girder 
G2. The measured strains were slightly different when the test truck was in the 
outside driving lane as shown in Table 7. This condition suggests slight 
bending of the web plate. The average values of these two gages are plotted in 
Fig. 35. 
The stresses at the top gap of a stiffener on the exterior face of girder G 1 
at diaphragm D2 (Type C) are shown in Fig. 36. The stress distribution 
pattern is similar to that observed in the Beaver Creek Bridge (see Figs. 21 and 
22), although the magnitude of the stress was substantially less. There are no 
welds between the connection plates and the top (tension) nange of the Beaver 
. 
Creek Bridge but the connection plate at diaphragm D2 of Mill Creek Bridge 
was in the positive moment region and was welded to the top nange. Hence, 
as would be expected, the web gap stresses in Fig. 36 are substantially less 
than those observed in Figs. 21 and 22 where no attachment was provided 
between the nange and the connection plate. 
The gages (Nos. 11 to 16) placed in the gap at the bottom of the exterior 
face of girder G 1 where the connection plate IS fitted to bottom tension flange 
exhibited almost no strains as shown in Table 6. 
In the northbound bridge, the measured stresses at the gages (Nos. 31 to 
36 and 41 to 46) in Lop web gaps at diaphragm D5 (Type C) were of the same 
magnitude as those of the southbound bridge (Nos. 1 to 6). 
The gages Nos. 27 and 28 mounted at the edges of weld toes at top and 
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bottom of the web at diaphragm 0:~ (Type B) on the exterior girder C!J of the 
southbound bridge gave somewhat smaller stresses than those measured in- Nos. 
6 and 11 (see Table 6). As can be seen in Fig. 29, the concrete slab was 
haunched at the Type B diaphragm and was m contact with the channel 
spannmg between the girders. As a result more resistance and stiffness existed 
so that the web gap stresses were minimized. 
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Chapter 3 
Finite Element Analysis 
·In order to determine the forces and displacements in the diaphragm 
members and the stresses and displacements that develop in the connection plate 
web gap regions, finite element models were developed for the Beaver Creek 
Bridge and analyzed using the SAP IV program [2]. Three model levels were 
made: (1) A Gross discretization of the Superstructure, (2) Substructure No.1 
and (3) Substructure No.2. The gross model provided a discretized system of 
the entire bridge superstructure using a coarse mesh. Its goal was to obtain an 
accurate displacement field some distance away from the area of interest. The 
subsequent substructures were "loaded" along the model boundaries by the 
displacements (or forces) which resulted from the previous solution. 
The procedure used to model the connection plate web gap at a 
diaphragm in the negative moment region of the bridge is described hereafter. 
The differences in the models for the negative and positive moment regions will 
be pointed out as appropriate. 
3.1 Gross Discretization of Superstructure 
Although the 4-span continuous bridge superstructure IS symmetric about 
the center pier, the loads on the bridge are not. The entire superstructure was 
therefore analyzed. The gross discretization model contained 1613 nodal points 
and 9581 degrees of freedom. A total of 73 nodal point cross-sections were 
defined along the length of the bridge. Each cross-section consisted of 22 nodal 
points. Three dimensional beam elements were used in modelling the girder 
flanges, parapets, and the diaphragm connection plates. The diaphragm 
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. members. were modeled by .three dimensional truss elements. Plate bending 
elements were used to represent the reinforce concrete deck and the steel girder 
webs. Because the points of connection between the diaphragm members and 
the connection plate are only 6 inches away from the flanges, the diaphragm 
member truss elements were connected to the flanges of the girders for the gross 
model. Otherwise an unfavorable aspect ratio will occur for the plate bending 
element m the girder web. 
This model might not provide the desired stress distribution in the 
diaphragm connection region, but the displacement field some distance from the 
diaphragm will be sufficiently accurate. This assumption can be used if later in 
substructure model No.1 the out-of-plane displacements caused by the diaphragm 
are only local. 
The test truck was simulated by ten concentrated wheel loads according to 
their actual spacings and were placed on the concrete deck. Each load was 
then transfered into the adjacent nodal points by simple statics. The loading 
position which resulted m maxtmum stresses at a cross-section with a 
diaphragm, occurred when the axle adjacent to the last rear axle was directly 
over that cross-section. 
Figure 37 compares the computed flexural stresses in the bottom flanges of 
the bridge members at diaphragm 05 with the measured stresses. Figure 38 
compares the stress gradient in the web and flange of girder G4. Good 
agreement between the measured and computed stresses confirmed the validity of 
the gross model. The measured and computed stresses at bottom flanges are 
much smaller than the design stress. The design stress range at diaphragm 05 
is 8.6 ksi, and the maximum design live load stress is 5.4 ksi. 
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A similar companson ·between the measured and computed stresses in 
girder G4 at diaphragm 06 (in positive moment region) arc shown in Fig. 39. 
The results at diaphragms 05 and 06 indicate that the assumption of composite 
behavior is reasonable. 
3.2 Substructure No.1 
Substructure No.1 was cut from the gross discretization model. The 
computer plot of the substructure is shown in Fig. 40. The displacement field 
along the boundary of Substructure No.l,predicted by the gross discretization 
were used as input to substructure No. 1. The simulated test truck load on 
the concrete deck was also included m the input. The types of finite elements 
used in this level of modeling were identical to those used for the gross 
discretization model but ·a much finer element mesh was used. The truss 
elements which simulated diaphragm members were connected to the connection 
plate 6 inches from the top and bottom flanges which was the location in the 
bridge. No transmission of bending moment was assumed at ·the ends of 
connection plates which are cut short of the tension flange. 
At this level of substructuring, the only difference between the models for 
the negative and positive moment regions of the bridge girders was that the 
finite element mesh was finer at top for the negative moment region and at 
bottom for the positive moment region. 
The diaphragm member stresses predicted at diaphragms 05 and 06 are 
compared with the measured stresses in Figs. 41 and 42. The measured and 
predicted values agreed fairly well and followed the same trends. 
The computed displacement and rotation fields of girder G5 are 
summarized in Figs. 43 and 44 for the two diaphragm locations. The results 
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indicate that the relative out-of-plane displacements and rotations are confined 
to the vicinity of the diaphragm connection plates. 
3.3 Substructure No.2 
The last level of substructuring focused on the stress distribution near 
diaphragm connection plate web gap regions. The substructure is depicted in 
Fig. 45. The finite element model consisted of 120 plate bending elements for 
the segment of the girder web and 4 beam elements for the connection plate. 
Boundary elements were used along the boundary at the top flange for the 
negative moment region, whereas beam elements were employed to simulate the 
bottom flange for the positive moment region. 
The predicted vertical stresses along section A-A are compared with the 
measured results of connection plate top web gaps of girders G5 and G4 at 
diaphragm D5 in Figs. 46 and 47. The computed values and the measured 
data show fairly good agreement. Extrapolation of the measured values to the 
weld toe result in a maximum stress of 10 to 12 ksi. 
Examination of the computed stresses at the diaphragm connection plate 
top web gap regions shows that the out-of-plane bending stresses in the web 
plate are highly localized. The magnitude of the web gap distortion stresses 
decreases rapidly away from the centerline of the connection plate. Figures 48 
and 49 show the predicted web gap stresses and the stress gradients 0.5, 1.5 
and 3 inches away from the centerline of the connection plate these are 
identified as Sections A-A, B-B, and C-C. This condition of localized out-of-
plane bending stresses is in good agreement with the localized relative out-of-
plane displacements and rotations that were computed in these regions and 
summarized in Figs. 43 and 44. 
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The out-of-plane web plate -bending· stresses were found to be small at the 
bottom gap of the connection plates. Figure 50 shows the predicted and 
measured stress gradient at the bottom web gap of girder G5 at diaphragm 06 
in the positive moment region of the bridge. The magnitude of the measured 
stresses due to loads on . the passing lane were too small to be plotted in the 
figure. The web stress decreases rapidly away from the connection plate. 
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Chapter 4 
Assessment of Retrofitting Methods 
Two retrofitting methods were examined by modifying the finite element 
models to simulate the resulting condition. One method examined cutting-short 
the connection plate by removing enough of the plate to create a 6 inch gap 
from the tension flange. The second method evaluated the positive attachment 
of the connection plate to the tension flange {by the use of splice angles and 
friction type bolts or by welding). 
schematically in Fig. 51. 
These retrofitting schemes are shown 
The adequacy of these methods was evaluated by exammmg the changes 
and reduction of the out-of-plane bending . stresses in the connection plate gap 
region. The stresses must decrease enough to prevent fatigue crack growth in 
the gap reg10n. 
The predicted horizontal resultants of the diaphragm member forces at 
diaphragm D5 and_ the deformed shape of the web of girder G4 are· compared m 
Fig. 52. The two retrofitting schemes and the as-built condition are shown. 
Cutting-short the transverse connection plate to increase the gap makes the 
region more flexible; the horizontal diaphragm force would decrease although the 
relative lateral displacement would mcrease. When connection plate is directly 
attached to the girder flange it increases the forces in the diaphragm members 
but the horizontal resultants are slightly decreased and the web gap distortion 
IS greatly reduced. 
Figures 53 and 54 show the predicted stress gradients in the web gaps of 
girder G4 and G5 at diaphragm D5 which result from the two retrofitting 
methods. It is apparent from these predicted results that both methods lower 
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the web gap plate bending stresses m the negative moment regwns of the bridge 
girders. Direct attachment of the connection plates to the flange provided the 
most effective retrofitting method. 
The web plate bending stresses were also examined at exterior girders 
where the exterior stiffener is not provided on the girder web. The diaphragm 
connection plate was positively attached to the tension flange for the 
companson. The results are shown in Fig. 55. Not much difference in web gap 
stress results when only one connection plate is welded to the top flange. 
Where cracks have developed at the diaphragm connection plate web gaps, 
it was desirable to examine the stresses along the web-flange weld toes. Holes 
have been routinely drilled to arrest crack growth and isolate the undesirable 
web crack. Drilling holes reduces the critical crack condition and prevents 
further crack extension [10]. .The crack tip stress intensity factor is influenced 
by the magnitude of live load stress as well as the length of the crack and 
other geometrical conditions. Figure 56 shows that the computed out-of-plane 
web bending stresses along the web toe of the top flange to web fillet weld 
decreases rapidly away from the center line of the connection plate. Drilling 
holes at the tips of short cracks at the connection plate gap will not be as 
effective as drilling the holes 2 or 3 inches on each side of the connection plate. 
This will result in slightly longer cracks. The larger cracks when arrested are 
not likely to re-initiate because the stresses are reduced to negligible levels. 
The cracks detected in the web gaps of the Beaver Creek Bridge are 
small. The measured and computed stress was between 10 to 15 ksi. These 
cracks will take many years before they extend through the plate. None of the 
observed cracks pose a risk to the structure. They can readily be arrested by 
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drilling holes at the crack tips as illustrated .. in Fig. 56. This retrofit can be 
carried out when the structure is renovated and redecked. 
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Chapter 5 
Summary and Conclusions 
The field measurements and analytical studies of the web gap stresses at 
diaphragm connection plates have shown that the following conclusions can be 
made. 
1. No high frequency vibrations were observed in the web gaps at 
diaphragm connection plates for these multigirder highway bridges. 
2. The out-of-plane displacement induced web gap stresses are highly 
localized in the vicinity of the gap regions and they fade away 
rapidly from the centerline of the connection plate. 
3. The exterior girder web gap stresses are higher when the load is 
close to the top of the girder. At interior girder, load in the 
adjacent lane causes higher web gap stresses. 
4. The web gap stresses in the positive moment regions were too small 
to develop fatigue cracks. 
5. Cutting-short the connection plate in the negative moment region will 
reduce the web plate bending stresses and increase local displacement. 
Direct attachment of the connection plate to the girder flange. reduces 
the distortion of the web plate and the out-of-plane stresses. The 
attachment increases stresses in the diaphragm members. However the 
increase was not detrimental to the member's performance. 
6. The most severe measured and computed stress in the web gap of 
diaphragm connection plate of Beaver Creek Bridge was between 10 
to 15 ksi. The small cracks detected in the web gaps can be 
effectively arrested by drilling holes in the web 2 to 3 inches on each 
side of the stiffener. 
7. The concrete fill placed over the top of the horizontal diaphragm 
channels of the Mill Creek Bridge stiffened the web gap region. No 
significant distortions developed at this detail. 
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Table 1 Gage Locations and Types, Beaver Creek Bridge 
Gage No. Location Gage Type 
51-54 Bottom flanges, D5, Gl-G4 Linear 
55, 56 Top and mid web, D5, G4 Linear 
57-60 Diaphragm members, D5 Linear 
61-65 Top gap, D5, G4 Strip 
67-72 Top gap, D5, G5 Strip 
73 Bottom flange, D5, G5 Linear 
75, 76 Diaphragm members, D5 Linear 
77, 78 Top gap, D6, G4 1/16" 
79, 81, 82 Top and mid web, bottom flange, D6, G4 Linear 
83, 84 Bottom gap, D6, GS 1/16" 
85, 86 Diaphragm members, D6 Linear 
87 Top web, Pier 4 Linear 
89, 90 Top gap, D3, GS 1/16" 
Notes: D: Diaphragm G: Girder 
Gage No. 66, 74, 80, and 88 .were not used. 
Linear gage length = 1/4" 
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Table 2 Summary of girder primary bending stresses 
at diaphragm D5, Beaver Creek Bridge 
Maximum Live Load Stresses (ksi) 
Gage Driving Lane Passing Lane Driving Lane Passing Lane 
No. Slow Run Slow Run Fast Run Fast Run 
51 0.12; ~ 0 0.58; 0.58 0.12; ~ 0 0.81; 0.46 
52 0.14; 0.14 1.00; 1.00 0.14; 0.29 1.00; 0.86 
53 0.48; 0.48 0. 72; 0. 72 0.60; 0.60 0.84; 0.72 
54 0.96; 1.08 0.24; 0.24 1.08; 1.08 0.24; 0.24 
55 0.11; 0.11 ~ 0; ~ 0 0.11; 0.11 ~ 0; ~ 0 
56 0.67; 0.67 0.11; 0.11 0.67; 0.67 0.11; 0.11 
73 0.78; 0.84 0.12; 0.12 0.84; 0.90 0.12; 0.12 
Live Load Stress Range (ksi) 
Gage Driving Lane Passing Lane Driving Lane Passing Lane 
No. Slow Run Slow Run Fast Run Fast Run 
51- 0.12; ~ 0 1.18; 1.06 0.36; 0.12 1.65; 1.30 
52 0. 36; 0.36 1. 60; 1.52 0.44; 0.67 l. 75; 1.61 
53 0.98; 1.10 1.22; 1.22 1.10; 1.10 l. 40; 1.28 
54 1.56; 1.68 0.54; 0.54 1.68; 1.68 0.66; 0.66 
55 0.11; 0.11 ~ 0 ~ 0 0.11; 0.11 ~ 0 ~ 0 
56 1.12; 1.12 0.34; 0.34 1.24; 1.12 0.33; 0.39 
73 1.58; 1.64 0.24; 0.24 l. 72; 1. 78 0.37; 0.37 
Note: See Table 1 and Fig. 11 for Gage Locations 
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Table 3 Summary of gap stresses and diaphragm 
member stresses at diaphragm D5, Beaver Creek Bridge 
Maximt.im Live Load Stresses (ksi) 
Gage Driving Lane Passing Lane Driving Lane Passing Lane 
No. Slow Run Slow Run Fast Run Fast Run 
57 1.15; 0.92 0.23; 0.23 1.15; 1.04 0.23; 0.35 
58 1. 93; 1.61 0.54; 0.54 2.14; 1.93 0.64; 0.96 
59 -0.69; -0.58 -0.23; -0.12 -0.81; -0.92 -0.23; -0.23 
60 :::: 0; 0.13 :::: 0; 0.13 :::: 0; :::: 0 0 .13; :::: 0 
75 :::: 0; :::: 0 -0.23; -0.23 0.12; 0.12 -0.58; -0.58 
76 0.33; 0.22 1. 78; 1. 78 0.78; 0.78 2 .89; 3.22 
67 :::: 0 :::: 0; - :::: 0; - :::: 0; -
68 -1.15 -0. 71; - -1. 76; - -0.71; -
69 -1.41 -1.06; - -2.12; - -0·. 88; -
70 -0.44 -0.44; - -0. 71; - -0.53; -
71 2.38 o. 71; - 3.00; - 0. 71; -
72 4.24 1. 76; 
- 5.82; - 1.59; -
61 -0.58; -0.46 -1.50; -1.50 -1.04; -0.92 -2.08; -2.31 
62 -0.78; -0.52 -1.83; -1.70 -1.17; -1.17 -2.35; -2.61 
63 -1.04; -0.69 -2. 31; -2.08 -1.38; -1.27 -2.65; -3.00 
64 
65 0.13; -0.63 3.50; 3.63 0.88; 0.25 4.13; 4.88 
Note: See Table 1 and Fig. 12 for gage locations 
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Table 4 Summary. of gap stresses and diaphragm: ·member stresses 
at diaphragms D6 and D3, Beaver Creek Bridge 
Maximum Live Load Stresses (ksi) 
Gage Driving Lane Passing Lane Driving Lane Passing Lane 
No. Slow Run Slow Run Fast Run Fast Run 
77 -0 .. 48; -0.96 2.28; 2.16 1.68; 1.56 2.52; 2.52 
78 -0.25; -0.25 -0.13; ::::: 0 -0.25; -0.13 -f0.13; ::::: 0 
79 ::::: 0; ::::: 0 0.41; 0.14 0.27; 0.14 0.41; 0.41 
81 2.09; 2.22 1.04; 1.04 1.83; 1.96 1.04; 1.08 
82 3.13; 3.13 1.50; 1.38 2.38; 2.50 1. 25; 1.13 
83 -2.25; -2.36 -0.43; -0.43 -2.57; -2.46 -0.86; -0.86 
84 -1.15; -1.27 -0.35; -0.35 -1.38; -1.15 -0.46; -0.46 
85 -2.00; -1.78 -1. 00; -1.00 -1.89; -2.00 -1.22; -1.44 
.86 1.56; 1.44 0.48; 0.48 1. 92; 1.92 0. 72; 0.96 
89 3.60; 3.60 0.90; 0.90 4.08; 4.20 2.16; 2.04 
90 3.00; 3.00 0.66; 0. 72 3.36; 3.36 1.44; 1.56 
Note: See Table 1 and Figs. 13, 14 15 for gage locations 
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Table 5 Gage Locations and Types, Mill Creek Bridge 
Gage No. Locations Gage Type 
1 - 6 SBL, DZ, Gl, Top gap Strip 
7' 8, 10 SBL, D2, Diaphragm members Linear 
9, 17, 22, 25, 26 SBL, D2, Bottom flanges Linear 
11 - 16 SBL, D2, Gl, Bottom gap Strip 
18' 20, 21 SBL, D2, G2, Girder web Linear 
19 SBL, D2, Gl, Connection plate Linear 
23, 24 SBL, D2, G4, Girder web Linear 
27, 28 SBL, D3, G5, Girder web Linear 
29, 30, 37 NBL, D5, G4, Bottom flange and web Linear 
38, 39, 40 NBL, D5, Diaphragm members Linear 
31 - 36 NBL, D5, G4, Top gap Strip 
41 - 46 NBL, D5, G5, Top .gap Strip 
Note: SBL: Southbound Lane 
NBL: Northbound Lane 
D: Diaphragm 
G: Girder 
Linear gage length 1/4" 
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Gage 
No. 
1 
2 
3 
4 
5 
6 
11 
12 
13 
14 
15 
16 
7 
8 
10 
19 
27 
28 
Table 6 Summary of gap stresses and diaphragm member stresses 
at SBL, diaphragms .D2 andD3, Mill Creek Bridge 
Maximum Live Load Stresses (ksi) 
Driving Lane Passing Lane Driving Lane Passing Lane 
Slow Run Slow Run Fast Run Fast Run 
-0.30 -0.12 -0.42 -0.18 
-0.24 -0.06 -0.34 -0.06 
-0.06 -0.03 -0.12 -0.03 
-0.48 0.06 0.66 0.24 
1.53 0.27 1.64 0.65 
2.40 0.44 2.62 1.04 
~ 0 ~ 0 ~ 0 ~ 0 
~ 0 ~ 0 ~ 0 ~ 0 
~ 0 ~ 0 ~ 0 ~ 0 
~ 0 ~ 0 ~ 0 ~ 0 
-0.12 ~ 0 -0.12 ~ 0 
-0.18 ~ 0 -0.18 ~ 0 
2.08 0.52 2.48 1.10 
-0.98 -0.30 -1.20 -0.54 
~ 0 ~ 0 ~ 0 ~ 0 
-2.28 0.18 -2.28 1.20 
-0.23 1.04 -0.29 1.15 
~ 0 
-0.64 -0.16 -0.54 
Note: See Table 5 and Fig. 31 for gage locations 
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Table 7 Summary of girder primary bending stresses 
at SBL, diaphragm D2, Mill Creek Bridge 
Maximum Live Load Stresses (ksi) 
Gage Driving Lane Passing Lane Driving Lane Passing Lane 
No. Slow Run Slow Run Fast Run Fast Run 
9 1.56 0.36 1.56 0.48 
17 1.92 0. 72 1.62 1.08 
22 1.63 1.50 1.63 1.88 
25 0.81 l. 79 1.04 1.96 
26 0.28 1.50 0.55 1.39 
18 0.23 ~ 0 0.23 ~ 0 
20 0.13 ~ 0 ~ 0 ~ 0 
21 1.50 0.68 l. 36 0.95 
23 ~ 0 0.06 ~ 0 ~ 0 
24 0.11 0. 77 0.33 0.88 
Live Load Stress Range (ksi) 
Gage Driving Lane Passing Lane Driving Lane Passing Lane 
No. Slow Run Slow Run Fast Run Fast Run 
9 2.52 0. 72 2.82 l. 26 
17 2.82 1.26 2.82 l. 98 
22 2.31 2.25 2.65 2.97 
25 1.36 2.57 l. 76 3.07 
26 0.78 2.63 1.18 3.01 
18 0.23 ~ 0 0.23 ~ 0 
20 0.13 ~ 0 ~ 0 ~ 0 
21 2.19 1.06 2.30 l. 76 
23 ~ 0 0.06 ~ 0 ~ 0 
24 0.11 1.00 0.50 1.23 
Note: See Table 5 and Fig. 30 for .gage locations 
Gage 
No. 
38 
39 
40 
31 
32 
33 
34 
35 
36 
41 
42 
43 
44 
45 
46 
29 
30 
37 
Table 8 Summary of gap stresses, diaphragm member stresses, 
and girder primary bending stresses at NBL, 
diaphragm D5 (3S-2 truck), Mill Creek Bridge 
Maximum Live Load Stresses (ksi) 
Driving Lane Passing Lane 
Fast Run Fast Run 
1.41 1.59 
-0.5 -0.88 
0.72 0.84 
-0.39 -0.56 
-0.48 -0.72 
-0.91 -0.46 
-0.88 0.38 
-1.15 0.81 
~ 0 0.35 
~ 0 0.32 
~ 0 0.43 
-0.48 -0.24 
-0.75 -0.63 
-1.56 -1.56 
1.04 1.04 
0.44 0.39 
~ 0 ~ 0 
Note: See Table 5 and Fig. 32 for gage locations 
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